The master circadian pacemaker located in the suprachiasmatic nucleus (SCN) is 28 entrained by light intensity-dependent signals transmitted via the retinohypothalamic 29 tract (RHT). Short-term plasticity at glutamatergic RHT-SCN synapses was studied using 30 
optic nerve was sucked into the plastic tubing which had an internal diameter that closely 142 matched the optic nerve diameter. Stimulation of optic nerve avoided possible activation 143 of other glutamatergic synaptic inputs, such as those projecting to the SCN from the 144 anterior paraventricular thalamus (Alamilla and Aguilar-Roblero 2010). The evoked 145 EPSC (eEPSC) was recorded from neurons located in the ipsilateral SCN (Jiang et al. 146 1995) . 147
The optic chiasm was stimulated in the coronal brain slice with a concentric 148 bipolar tungsten electrode (outer pole diameter 0.125 µm; Cat# CBASC75, FHC, 149
Bowdoinham, USA) connected to a stimulus isolation unit (model SIU5B, Grass Medical 150
Instruments, Quincy, MA). The stimulating electrode was placed in the middle part of the 151 optic chiasm as far as possible from the SCN. 152
The stimulus pulse duration was 0.13 -0.17 ms and the stimulation intensity was 153 set 1.5 -2 times higher than that needed to evoke a threshold response and usually varied 154 trains. The number of stimuli needed to reach the steady-state amplitude was lower at low 208 frequencies than at high frequencies but did not exceed 15 stimuli during a 25 stimuli 209 train. Therefore, to estimate the steady-state eEPSC amplitude the amplitudes of the last 210 10 eEPSCs in the train were averaged. The normalized steady-state eEPSC amplitude 211 represented the magnitude of synaptic depression at each stimulus frequency. The 212 estimated steady-state amplitude was averaged across all recorded neurons (n), presented 213 as the mean ± standard error of the mean (SEM) and plotted against stimulus frequency 214 (Hz) . 215
The time constant (τ) that characterized the time course of the decreasing phase of 216 the eEPSC amplitude to steady-state during optic chiasm stimulation was estimated using 217 was determined for each stimulus frequency (1 -25 Hz) and normalized to the Q cum at 1 234
Hz. Data were averaged across all recorded neurons (n) and reported as mean ± SEM. 235
The paired-pulse ratio (PPR) was calculated as the ratio (mean eEPSC 2 /mean eEPSC 1 ) of 236 the mean peak amplitude of the second eEPSC (eEPSC 2 ) to the mean peak amplitude of 237 the first eEPSC (eEPSC 1 ) evoked during PPS (Kim and Alger 2001 
Synaptic depression in RHT-SCN synapses 244
To examine the functional properties of RHT synapses we stimulated the optic chiasm or 245 optic nerve with trains of 25 stimuli that simulated the firing frequency of ipRGCs 246 activated by light. Synaptic depression was not detected during 0.08 Hz stimulation of the 247 optic chiasm. At frequencies greater than 0.5 Hz a frequency-dependent synaptic 248 depression was observed and the amplitude of successive eEPSC showed a progressive 249 decline that reached a new steady-state level (Fig 1A, B, D) . Even though the peak 250 amplitude progressively decreased, each stimulation of the optic chiasm reliably evoked 251 an EPSC up to 50 Hz (steady state 21 ± 3.9% of control; control is the amplitude of the 252 first eEPSC in the train, range 11 -43%, n = 7, Fig. 1A) . The eEPSC followed 100 Hz 253 stimulation in some cells with fast onset eEPSC (steady state 21 ± 5.6% of control, range 254 amplitude to reach steady-state was shorter at higher stimulation frequencies and was 256 characterized by a specific time constant (τ) (see Material and Method, Statistical 257 Analysis). For example, the τ was 329 ± 53 ms at 2 Hz (n = 30), 220 ± 24 ms at 5 Hz (n = 258 31), and 83 ± 6 ms at 25 Hz (n = 31), 49 ± 5 ms at 50 Hz (n = 7), and 28 ± 3 ms at 100 Hz 259 (n = 7). While the plateau was reached faster at higher stimulus frequencies, more 260 stimulus pulses were required to reach the steady-state: 3.7 ± 0.6 stimuli at 2 Hz (steady-261 state 55.3 ± 3.0% of control), 5.5 ± 0.5 stimuli at 5 Hz (steady-state 37.3 ± 3.3% of 262 control) and 7.6 ± 0.8 stimuli at 25 Hz (steady-state 22.3 ± 2.8% of control, n = 24). increased in a frequency-dependent manner and saturated at 20 Hz (Fig. 1C) . 273
The temperature dependence of synaptic depression was studied. The steady-state 274 EPSC amplitude was recorded in the same neurons at 28 ºC and after the temperature of 275 ACSF in the recording chamber was increased to 36 ºC over the 7 -18 minute period 276 (mean 11.3 ± 2.4 min; n = 4) required for the recording chamber temperature to stabilize. 277
Increasing the temperature from 28 ºC to 36 ºC increased the mean steady-state eEPSC 278 amplitude at 0.08 Hz from 216.3 ± 14.5 pA to 252.0 ± 20 pA (ratio 1.16), at 5 Hz from 279 105.0 ± 7.8 pA to 193.3 ± 14.0 pA (ratio 1.84), and at 25 Hz from 66.9 ± 4.0 pA to 142.2 280 ± 9.6 (ratio 2.12), n = 4. The amplitude of each eEPSCs was normalized to the first 281 eEPSC in the train and the estimated steady-state amplitude at each temperature was 282 compared (Fig 1D) . Normalized steady-state eEPSC amplitudes indicated a reduction of 283 synaptic depression at a physiological temperature compared to 28 ºC in the range 0. In neurons that demonstrated synaptic depression during 0.5 -100 Hz stimulus 294 trains the ratio of the amplitude of the second eEPSC to the first one (eEPSC 2 /eEPSC 1 ) 295 was used to estimate the initial release probability. Initial facilitation (ratio >1) appeared 296 in 5% (2 of 40 neurons) and in 14% (3 of 21 neurons) during 2 Hz or 25 Hz stimulation 297 of the optic chiasm and optic nerve, respectively. The remaining neurons revealed an 298 initial depression (ratio <1) of synaptic transmission. 299
Synaptic depression confirmed during monosynaptic RHT-SCN transmission (optic nerve 301 stimulation). 302
Additional experiments were performed to demonstrate that the observed synaptic 303 depression was a form of synaptic plasticity that characterized the neurotransmitter 304 release from RHT axon terminals and not an artifact of configuration of the slice 305 preparation or the stimulation procedure. Horizontal brain slices contained the SCN with 306 optic nerves attached were prepared and the optic nerve stimulated with a suction 307 electrode. The eEPSC was recorded in the ipsilateral SCN because in previous studies a 308 higher rate of responding neurons was observed in the ipsilateral compared to the 309 contralateral SCN (Jiang et al. 1995) . To determine that the SCN neurons received a 310 direct retinal projection the eEPSC was tested using the criteria for monosynaptic 311 Strong frequency-dependent synaptic depression of the eEPSC was observed in 315 the group of neurons (n = 9) that satisfied all the criteria for monosynaptic 316 neurotransmission (Fig. 2) . During 0.08 Hz stimulation with a 25 stimuli train, the onset 317 latency and peak eEPSC amplitude were stable showing small variations around the mean 318 ( Fig. 2A, B) . The eEPSC followed 10 Hz stimulation without failures and the onset 319 latency of eEPSC remained stable while the amplitude decreased to a new steady-state. 320
Co-application of CNQX and AP5 completely blocked synaptic transmission. In 40 mM 321 extracellular Ca 2+ solution EPSCs were evoked without failure. During 10 and 50 Hz 322 stimulation the eEPSC amplitude progressively decreased to the steady-state (Fig. 2B) .
Frequency-dependence of the steady-state eEPSC amplitude was similar for neurons 324 tested for monosynaptic transmission (n = 9) and other neurons (n = 12) recorded during 325 optic nerve stimulation (F-test: F 3,8 = 0.39, p = 0.76, Fig. 2C ). The maximal depression 326 was reached at 50 Hz (steady-state 22.9 ± 3.3% of control, range 9.7-47.0%, n = 14) and 327 at 100 Hz (steady-state 13.6 ± 2.7% of control, range 4.8 -26.0%, n = 7) during optic 328 nerve stimulation. 329
The eEPSC onset latency was measured from the onset of the stimulus artifact to 330 the onset of the eEPSC and was in the range 4.0 -24.3 ms (n = 27 neurons, 19 331 preparations) (Fig. 2D) . The conduction velocity for the optic nerve fibers projecting to 332 the SCN was estimated taking in consideration the distance between the stimulated end of 333 the optic nerve and the recorded neuron, which was 5.5 -6 mm in different preparations. 334
The recorded neurons were divided into two groups with different eEPSC onset latencies. (Fig. 3 A, C, E) . During 0.08 Hz stimulation ω-357 agatoxin (n = 6) and ω-conotoxin (n = 7) reduced eEPSC amplitude to 63.4% and 40.0% 358 of control, respectively and when applied together to 23.8% of control (n = 3). The toxins 359 significantly decreased the steady-state eEPSC amplitude over the entire range of applied 360 frequencies (F-test: F 3,4 = 47.9, p < 0.0014 for ω-agatoxin and F 3,4 = 8.7, p < 0.031 for 361 ω-conotoxin). The slope of the frequency-dependence curve was steeper for ω-conotoxin 362 (Fig. 3C ) than for ω-agatoxin (Fig. 3A) . The effect of VDCCs blockers on synaptic 363 depression was compared by normalizing the amplitude of each EPSC in the stimulus 364 train to the amplitude of the first eEPSC, which was set to 100% in each condition (Fig.  365   3B, D, F) . The curves of normalized steady-state eEPSC amplitude were compared at 366 each condition. The blocker of P/Q-type VDCCs ω-agatoxin did not significantly alter 367 frequency-dependence of steady-state eEPSC amplitude (Fig. 3B ) (Extra Sum of SquaresF-test: F 3,4 = 1.88, p = 0.27), while the N-type VDCCs blocker ω-conotoxin (Fig. 3D)  369 significantly relieved synaptic depression decreasing the slope of the curve (F-test: F 3,4 = 370 6.34, p < 0.05) as well as the co-application of toxins (Fig. 3 F) . 371
372
The contribution of AMPA receptor desensitization to synaptic depression 373
The role of AMPA receptor desensitization in the development of synaptic depression 374 was investigated using aniracetam (5 mM), a compound that blocks AMPA receptor 375 desensitization. To estimate the relative changes of eEPSC amplitude induced by 376 aniracetam, the steady-state amplitude (pA) was compared before (control) and after 377 aniracetam application at each stimulus frequency (Fig. 4A) (Fig.4 B) . The curves demonstrating 384 frequency-dependent changes of steady-state eEPSC amplitude in control and after 385 aniracetam application were not significantly different in the range 0.5 -25 Hz (F-test: 386 
95). For all applied frequencies p ≥ 0.15 (paired t-test, two-tail). 387 388

Short-term synaptic plasticity in RHT synapses during optic nerve and optic chiasm 389
paired-pulse stimulation
Initial facilitation (eEPSC 2 /eEPSC 1 ratio >1) followed by short-term synaptic depression 391 was recorded in 5 -14 % of SCN neurons during optic chiasm and optic nerve 392 stimulation with stimulus trains at low and high stimulus frequencies. We predicted that 393 these changes in initial release probability have a presynaptic origin. PPS is widely used 394
as an assay to study presynaptic mechanisms and the PPR reflects use-dependent changes 395 in the release probability (Zucker 1989 ). We, therefore, stimulated the optic nerve and 396 optic chasm with paired-pulses to define the frequency-dependent changes of synaptic 397 current in RHT-SCN synapses. The PPR was calculated as a ratio of the mean amplitude (Fig. 5A, B) . Similarly, synaptic depression was recorded in 7 (78%) of 9 402 neurons while facilitation was present in 2 (22%) of the SCN neurons during PPS of the 403 optic nerve. All together, during PPS of the optic chiasm and the optic nerve 15 (71%) of 404 21 neurons demonstrated depression (ZT 4.5 -11.5) while 6 (29%) neurons showed 405 facilitation (ZT 6.0 -9.0) (Fig. 5E) . Thus, the both modes of synaptic plasticity 406 (depression and facilitation) were recorded in the subjective day. The frequency-407 dependence of negative (synaptic depression) or positive (facilitation) PPR was similar 408 when either the optic nerve or optic chiasm were stimulated (F-test: Synaptic depression, as a low-pass filter, should be less efficient at dusk when the 531 light intensity and the action potential firing frequency of ipRGCs decrease. Synaptic 532 depression also alters the balance between excitatory and inhibitory synaptic inputs 533
and, as such, has significant consequences for the function of neuronal networks 534 (Abbott et al. 1997 ). This may be important in the SCN where the neural network 535 synchronizes and stabilizes the rhythms of individual SCN neurons (Liu et al. 2007) . 536 537
Conclusion 538
Optic chiasm and optic nerve stimulation with paired-pulses and stimulus trains 539 which simulate the discharge frequencies of ipRGCs revealed frequency-dependent 540 depression in the overwhelming majority of studied SCN neurons. We predict that light-541 induced activation of ipRGCs will similarly produce synaptic depression attenuating 542 glutamate release in RHT axon terminals to maintain sensitivity of SCN neurons to other 543 biologically important signaling pathways. 544
The optic chiasm and optic nerve stimulation induced similar changes of eEPSC 545 suggesting that in both cases the same retinal inputs to the SCN neurons were activated. 546
Our data defined the range of stimulus frequencies that could be most effective for 547 inducing the phase shift in behavior or to affecting the neuronal network in the SCN in 548 studies where stimulation of optic nerve (optic chiasm) will be applied. 549 Stimulation (Hz) Paired-pulse ratio
